M2 of influenza virus functions as proton channel during virus entry. In addition, an 1 amphipathic helix in its cytoplasmic tail plays a role during budding. It targets M2 to the 2 assembly site where it inserts into the inner membrane leaflet to induce curvature that causes 3 virus scission. Since vesicularisation of membranes can be performed by a variety of 4 amphiphilic peptides we used reverse genetics to investigate whether they can substitute for 5 M2´s helix. 6 Virus could not be generated if M2´s helix was deleted or replaced by a peptide predicted not 7 to form an amphiphilic helix. In contrast, viruses could be rescued if the M2 helix was 8 exchanged by helices known to induce membrane curvature. Infectious virus titers were 9 marginally reduced if M2 contains the helix of the amphipathic lipid packing sensor, from the 10 Epsin N-Terminal Homology domain or the non-natural membrane inducer RW16.
Introduction 31
Influenza A viruses are pleomorphic enveloped viruses in the family Orthomyxoviridae. Their 32 membrane is lined from beneath by a protein layer composed of the matrix protein M1, which 0.1% FBS, 0.2% BSA and 1 µg/ml TPCK-Trypsin). 48h post transfection, culture supernatant 139 was harvested, centrifuged at 4000g for 5min to clear from cell debris and stored at -80°C or 140 directly passaged onto MDCK II cells for further amplification. 141 To generate mutations in the amphiphilic helix of M2 the M1/M2-encoding cDNA segment 7 142 was digested with StuI and Nae I, and a synthetic cDNA sequence was inserted which does 143 not encode the amino acids 48-62 (FKCIYRRFKYGLKRG) that encompass the amphiphilic 144 helix. The synthetic cDNA contains sites for the restriction enzymes ClaI and BspEI at the 145 beginning and end of the amphiphilic helix, which were used to insert synthetic DNA To investigate virus growth MDCK II cells were seeded into 6-well or 24-well plates one day 153 before infection so they could be nearly 100% confluent the next day. Cells were then 154 infected with WSN WT or M2 mutants with an m.o.i of 0.001 (for multiple replication cycle) 155 or 1 (for single replication cycle). After binding for 1h, cells were washed once with DMEM plasmids for reverse genetics were used as standard to calculate the copy number.
171
To assess stability of virus particles WSN WT and mutant viruses were diluted with infection 172 medium to 200000 PFU/ml. 500 µl virus (i.e. 100.000 PFU) was put into 24-well plates, 173 which were incubated at 37°C and 5% C0 2 . One aliquot was removed every day and titers 174 were determined by plaque assay. forms an α-helix, whereas the hydrophobicity describes the avidity of the helix for lipids (51).
277
Calculation of these parameters by heliquest ( Fig. 1c ) reveals that M2 WT and M2 sWSN 278 have (since they are composed of identical amino acids) the same hydrophobicity (0.39), but 279 the hydrophobic moment in the scrambled version is reduced from 0.39 to 0.11. M2 ALPS 280 has a similar hydrophobic moment (0.311) as M2 WT and a higher overall hydrophobicity 281 (0.544). M2 Epsin has a higher hydrophobic moment (0.608) compared to M2 WT, but a 282 lower hydrophobicity (0.253). M2 RW16 has the highest hydrophobic moment (0.985) since 283 the peptide is composed of only basic and hydrophobic residues which are perfectly aligned 284 on the hydrophilic and hydrophobic face, respectively.
15
The mutant M2 plasmid together with plasmids encoding the other viral proteins were 286 transfected into HEK 293T cells, the supernatant was used to infect MDCK II cells and 287 release of virus particles was assessed by HA assay. In five independent transfections we 288 never rescued virus particles which have a deleted helix or the scramble helix of the WSN 289 strain, whereas wild-type virus and the other three mutants done in parallel exhibit HA titers 290 of 2 2 -2 6 . From the rescued mutants a virus stock was generated in MDCK II cells and 291 sequencing of the M2 gene showed that only the desired mutations were present (data not 292 shown).
293
To compare the replication kinetics of the viruses, MDCK II cells were infected with WSN
294
WT or with the mutants at a moi of 0.001, supernatants were collected at various time points 295 post infection and virus titers were assessed by plaque assay ( Fig. 2A ). The growth curve 296 from three infection experiments revealed a small, but statistically significant decrease in the 297 infectious titer of all mutants (depending on the time point) by 1 to 2 logs. To assess whether 298 mutant virus particles exhibit a reduced specific infectivity we also determined their HA-titers 299 at 34 and 47 hours after infection from this experiment ( Fig. 2B ) and calculated the Pfu/HA 300 ratios at 34 and 47 hours after infection. In general, they are higher at 34 hours compared to 301 47 hours after infection, which suggests that virus assembly is more precise at earlier time 302 points after infection. More importantly, at both time points the specific infectivity of WSN 303 M2 ALPS and WSN M2 RW16 is (statistically significant) reduced compared to WSN M2
304
Epsin and WSN M2 WT (Fig. 2C ).
305
We then applied RT-qPCR using primers for the gene segments encoding M and NA, 306 respectively to determine the number of total genome-containing particles released at 34h post 307 infection from MDCK cells (Fig. 2D ). The determined number was correlated with the 308 infectious virus titer to calculate the ratio of fully infectious to total (genome-containing) 309 particles, which is for wild type virus ~0.1 if the vRNA encoding M is determined, and ~0.2 310 16 for the NA gene segment. This is at the upper limit for previous estimates for the ratio of total 311 to fully infectious particles which is in the range from 0.1 to 0.01 (52 inspected, but no such morphology was observed for any of the mutants. However, for WSN 349 RW16 we observed two virus particles still attached by a small neck to filopodia (Fig. 3G) , 350 but other particles apparently bud normally (Fig. 3H+I) . WSN Epsin forms a few bacilliform 351 particles ( Fig. 3D ). However, most virus particles were spherical for any mutant, yielding no 352 evidence for drastic perturbation of virus morphology by mutations in M2. Thus, we obtained anti-M2 mAb 14C2. Wild-type M2 and each mutant is present at the plasma membrane, but 361 cells also revealed bright perinuclear (presumably Golgi) and weaker reticular staining 362 (possibly ER) throughout the cell (Fig. 4A) . 363 We quantified the presence of wild-type and mutant M2 proteins at the cell surface in virus Epsin is (statistically significantly) reduced to 65% and M2 ALPS to 40%. (Fig. 4B ).
373
However, this is (manly) due to a reduction in the total expression of both mutants. If the ratio 374 of surface expression to total expression is calculated and normalized to wild type no 375 difference between M2 WT and the M2 mutants is obvious (Fig. 4C ). Epsin and WSN RW16, where it is reduced from 38% (WT) to 16% and 26%, respectively.
408
The reduced amount of M1 is compensated in all mutants by relative higher amounts of HA 409 (Fig. 6C ). However, note that assembly of influenza viruses is in general of low fidelity, since number of functional M2 channels on the cell surface, we also determined surface transport 427 by staining of cells with M2 antibodies. All three mutants revealed a small reduction in 428 surface staining (M2 RW16 to 95%, M2 ALPS and M2 Epsin to 80%), which is less 429 pronounced compared to MDCK cells (Fig. 4B) In this study, we show that the presence of an amphiphilic helix in the cytoplasmic tail of M2 437 from the spherical WSN strain is essential for virus replication. Deletion of the helix or 438 replacing it with a scrambled version that has the same amino acid composition but does not 439 exhibit a significant hydrophobic moment, prevented generation of recombinant virus 440 particles. However, the helix could be replaced with three different types of amphiphilic 441 helices with only marginal effects (~1-2 log reduction) on virus titers. (Fig. 2) . Thus, apart 442 from being able to form an amphiphilic helix, there is apparently no strict amino acid 443 sequence requirement in the region proximal to the transmembrane region of M2, as 444 suggested previously (38).
445
Using ultrathin-section TEM of virus-infected cells we did not observe for any of our mutants 446 virus particles with a bead-on-a-string (and only little evidence for any other altered) 447 morphology as they were observed if bulky residues in the hydrophobic face of the helix of 448 M2 from the Udorn or WSN strain were replaced by alanine (36, 37) or, in general, if viruses 449 with a budding defect were investigated (61) (Fig. 3) . This suggests (but does not prove) that 450 virus budding and scission and hence induction of membrane curvature by the mutant M2 451 proteins is not strongly impaired and thus the reduced virus titers might be also due to other 452 defects in this protein.
453
Indeed, we observed various other deficiencies in M2 if the helix is replaced, which however 454 differed between the M2 mutants. Two of the mutants, M2 ALPS and M2 Epsin are less 455 abundantly expressed at the cell surface, mainly because their expression levels are decreased 456 (Fig. 4) . One might speculate that these mutant M2 proteins are not able to interact with one 457 of the various cellular proteins, which are required to efficiently target M2 to the plasma 458 membrane (36, 62, 63) . Assuming that the amount of M2 at the plasma membrane is a 459 limiting factor for the production of infectious virus particles, the reduced surface expression concluded from our data. Note, however, that the α0-helix of Epsin binds to PtdIns(4,5)P2 474 even outside of the ETNH-domain and that HA also co-localizes with PtdIns(4,5)P2 (65).
475
Thus, the proposed mutual affinity of HA and M2 Epsin for this negatively charged lipid 476 present only at the inner leaflet of the plasma membrane might cause their co-localization.
477
It is not understood why M2 is abundantly expressed in cells, but (in comparison to HA) 478 largely excluded from virus particles (58). One reason for the high expression levels of M2 479 might be that it interacts with the (also abundantly expressed) M1 protein in the Golgi to 480 transport it by a piggy-back mechanism to the plasma membrane (13). Indeed, we observed 481 that all virus particles having a mutant M2 contain reduced levels of M1, statistically 482 significant for WSN Epsin and WSN RW16, regardless of whether the amount of mutant M2 483 is also reduced (Fig. 6) . Amino acids 71-73, but also residues 45-69 (which encompasses the 484 amphiphilic helix) contain a binding site for M1 (10, 11) and thus replacement of the helix 485 23 might diminish binding to the matrix protein and hence its transport to the plasma membrane.
486
Furthermore, the ratio of infectious to total virus particles is reduced in the mutants WSN 487 ALPS and WSN RW16 by ~50%. This result was obtained both by calculating the PFU to 488 HA-titer ratio as well as the PFU to M-and NA-genome segment containing particles (Fig. 2) .
489
This suggests that the regular assembly process is somewhat disturbed in the mutants WSN 490 ALPS and WSN RW16 and therefore relatively more non-infectious virus particles are 491 released.
492
In addition, we determined that the proton channel activity of M2 Epsin and M2 ALPS is also 493 compromised (Fig. 7) . This, together with the observation that all mutant virus particles 494 contain a reduced number of M2 proteins (Fig. 5) , suggests that they might exhibit defects in 495 virus entry. M2 mediated acidification of the virus interior must occur before the low pH in 496 the endosome triggers HA-mediated membrane fusion. Otherwise the diffusion of protons 497 from the endosome through the fusion pore into the cytosol would be faster than M2-mediated 498 transport into virus particles (66, 67).
499
In summary, we obtained only little evidence that scission of virus particles is disturbed if the 500 amphiphilic helix of M2 is replaced by helices from cellular proteins having similar 501 biophysical properties. Instead, we observed various other functional deficiencies in 502 individual mutant M2 proteins, such as reduced exposure at the plasma membrane, reduced 503 incorporation into virus particles and assembly defects, which might be responsible for the 504 moderately reduced viral titers. Since we could not generate infectious virus if M2´s helix was 505 deleted or if it was replaced by a scrambled version that does not exhibit a hydrophobic 506 moment, our data support the concept that the amphiphilic helix in M2 inserts into the lipid 507 bilayer to sense membrane curvature at the neck of budding viruses and/or to induce 508 membrane curvature that causes scission of virus particles. This is consistent with the concept 509 24 that M2 is member of a family of membrane scission proteins, which have similar biophysical 510 properties, but no homology in the amino acid sequence (31). 
